Nearshore measurements of waves and currents off Cape Hatteras, North Carolina, U.S.A, are used to investigate depth-averaged subtidal circulation and alongshore momentum balances in the surf and inner shelf region around a cuspate foreland. Data were collected on both sides of the cape representing shorefaces with contrasting shoreline orientation (north-south vs. northwest-southeast) subjected to the same wind forcing. In the nearshore, the subtidal flow is aligned with the local coastline orientation while at the cape point the flow is along the existing submerged shoal, suggesting that cape associated shoals may act as an extension of the coastline. Alongshore momentum balance analysis incorporating wave-current interaction by including vortex and Stokes-Coriolis forces reveals that in deep waters surface and bottom stress are almost in balance. In shallower waters, the balance is complex as nonlinear advection and vortex force become important. Furthermore, linearized momentum balance analysis suggests the vortex force can be of the same order as wind and wave forcing. Farther southwest of Cape Hatteras point, wind and wave forcing alone fail to fully explain subtidal flow variability and it is shown that alongshore pressure gradient as a response to the wind forcing can close the momentum balance. Adjacent tide gauge data suggest that the magnitude of pressure gradient depends on the relative orientation of local coastline to the wind vector, and in a depth-averaged sense the pressure gradient generation due to change in coastline orientation even at km length scale is analogous to the effect of alongshore variable winds on a straight coastline.
Introduction
Subtidal, wind driven circulation has been the subject of numerous experimental studies conducted at different nearshore environments along the US coast that include: the Middle Atlantic Bight (MAB) [e.g., Feddersen et al., 1998; Lentz et al., 1999; Lentz, 2001] ; the inner and mid shelf in Northern and Southern California [Lentz, 1994; Lentz and Winant, 1986] ; Central Oregon Coast [Kirincich and Barth, 2009] ; the South Atlantic Bight (SAB) [Gutierrez et al., 2005] ; and Martha's Vineyard [Fewings and Lentz, 2010] . These studies have enhanced our understanding of wind-driven circulation and have identified the most important constituents of the momentum balance equation [see Lentz and Fewings, 2012 for a detailed review].
It is only recently [Lentz et al., 2008; Fewings and Lentz, 2010] that the role of the Stokes-Coriolis force term [Hasselmann, 1970] has been considered in studies of shelf circulation. Vortex force (hereinafter referred to as VF) is another wave related term [Craik and Leibovich, 1976] that represents the interaction between wave-induced mass drift and mean flow vorticity. Although no direct experimental data exist, results from recent modeling studies [Uchiyama et al., 2010; Kumar et al., 2012] have shown that nonlinear advection and VF can be dominant in the nearshore and especially within the surf zone. The contribution of these terms is expected to be more pronounced in regions with complex bathymetric features such as barred beaches and shallow regions with shoals present. Further, the role of VF also becomes important in areas with strong horizontal shear in cross/alongshelf velocity.
Studies of flows around complex coastline configurations such as those found on capes [i.e., McNinch et al., 2000] or over bathymetric features [i.e., Sanay et al., 2007] are limited mainly to tidal time scales. Roughan et al. [2006] and Gan and Allen [2002 a, b] presented work on wind-driven flows around capes focusing on upwelling dynamics in the leeward side of a cape, while Barth et al. [2005] studied transient wind driven circulation in a region with alongshelf topographic variations. Capes are characterized by abrupt changes in coastline orientation and a complex bathymetry and their role in subtidal circulation processes is not clear yet. In this contribution, experimental data from such a location are used to reveal some of the interactions between uneven coastline shape, waves and subtidal flow dynamics. The objectives of this work are to: (a) identify the subtidal circulation pattern in the inner shelf region around a cuspate foreland system with a complex morphology; (b) experimentally assess the role of VF and nonlinear advective acceleration terms in this subtidal circulation; and (c) reveal the response of the surf zone and inner shelf for a non-uniform coastline and complex bathymetry to surface waves and wind fields. In this contribution we present estimates of VF and nonlinear acceleration terms from a combination of in situ data and a simplified momentum balance model, which are compared to wind stress and wave breaking induced acceleration.
First we describe the study area and the data collection procedures in Section 2. This is followed with an overview of the hydrodynamic conditions encountered in terms of wave activity and subtidal flows (Section 3), while in Section 4 the depth-averaged momentum balance is presented. The findings are discussed in Section 5 while the final conclusions are presented in Section 6.
Data Collection
Inner shelf hydrodynamic data were collected over the period February 3 to 22, 2010 (Table 1) in the vicinity of Cape Hatteras, NC. The study site has a typical cape coastline configuration characterized by abrupt changes in orientation and a complex bathymetry. The coastline is oriented approximately 10 o N on the east side (see Figure 1) , which is re-oriented to 166 o N at the Cape Hatteras point, transitioning to an orientation of 120 o N farther west. These two sides around the cape point, with distinctly different coastline orientations, are subsequently referred to as the east and south sides, respectively. The bathymetry in the area is complex, consisting of a shoal (Diamond Shoals) that extends from the cape point to some 20km offshore toward the SE (see Figure 1d ). On the east side and farther away from the shoal, the bathymetric profile (see Transect 1 in Figure 1c ) reveals a typical barred beach with an inner and an outer bar. The beach slope varies from 0.040 inshore of the inner bar to 0.004 offshore of the outer bar. Farther south and closer to the shoal (see Transect 2 in Figure 1c ) the bathymetry is more complex due to the presence of obliquely aligned transverse ridges. A transect from Cape Hatteras point along the axis of Diamond shoals (see Transect 3 in Figure 1c ) reveals a foreshore slope of 0.040 and an irregular bathymetry farther offshore. On the other hand, the south side is characterized by a relatively simple beach profile consisting of a single inner bar (see Transects 4 and 5 in Figure 1c ). The foreshore slope is 0.030, and reduces to 0.004 farther offshore.
Wave and current data were collected at 13 locations dispersed throughout the study area (see Figure 1 and Table 1 ). Three of the sites (O1, O2, and O3) were at relatively deeper water depths of approximately 9-10 m. The remaining of the stations were located in the nearshore with 4 of them (N1 to N4) located on the east side, 2 (N11 and N12) on the south side and the remaining 4 stations (N5, N6, N8 and N9) over the shoal itself. The instrumentation consisted of acoustic current meters (Nortek Aquadopp and Teledyne RDI ADCP profilers) programmed to resolve both mean and wave-induced flows by measuring three-dimensional flow velocities (bin size 40 cm) and pressure fluctuations with a sampling frequency of 1 Hz. The type of acoustic instrument for each station, their deployment depth and other details relating to the data collection are listed in Table 1 . 
Results
In this section, the filtered, sub-tidal flows and wave data are presented together with the atmospheric conditions prevailing during the data collection period. Primarily, data from sites O2, O1, N5, N6, N9 and N8 are presented because of their deployment locations, which are optimal for resolving momentum balance forces in the alongshore direction. Data from other sites (O3, N1, N2, N3, N4, N11 and N12) are discussed briefly in order to provide a general idea of flow field within the study area.
Offshore Conditions
Time series of the offshore meteorological and wave conditions from NOAA Buoy 41025 during the data collection period are shown in Figure 2 . Three high wave energy events are identified that coincide with the passage of two warm and one cold front systems ( Figure 2a ). The passage of the first warm front system occurred during February 5-7, 2010 (referred to as Event F1), and is characterized by wind speeds in excess of 12 ms -1 directed towards the southwest initially and rotating towards the northeast later on (Figure 2a) . The maximum offshore wave height recorded was 6 m (Figure 2b ) with periods varying from 5 to 10 s (Figure 2d ). This event was associated with a drop in atmospheric pressure ( Figure 2e ) and an increase in air temperature (Figure 2f ). This event was followed by a cold front system (Feb. 10-12, 2010, Event F2) , with winds from the north/northwest initially, changing to east/southeast later on; the maximum wave height recorded was 3 m. After the passage of this second frontal system, increased wave energy concentrated mainly on the swell wave band (Figure 2c ) is observed. The two periods (Feb. 7-9 and Feb. 12-13, 2010) when the ratio of swell to sea wave energy is greater than 1.25 are referred to as swell events and denoted with S1 and S2, respectively. The wave height measured at the offshore buoy during these events (Figure 2b ) varied between 2 and 3 m. The third event (Feb. 15-16, 2010, Event F3 ) was due to a warm front similar to event F2 but of reduced intensity. 
Nearshore Conditions
Time series of mean water depth, root mean square wave height (H rms ), peak (T p ) and mean (T m ) wave periods, and mean wave direction (measured clockwise from north) estimated from the data collected at sites O2, N5 and N6, located on the east side of the Cape Hatteras point are shown in Figure 3 (left panel). Water depth variation is primarily due to tides (Figure 3a 1 ), while the wave height (Figure 3b 1 ) varied between 0.5 and 3m for the entire data collection period with the peak wave period fluctuating between 5 and15 s (Figure 3c 1 ). Swell waves (T p > 10s) approached the shoreline from the northeast (see Figure 3d 1 ) while gravity wind waves (T p < 10s) tended to approach from the east-southeast. During periods of low wave activity (see Feb. 16-22, 2010) , both wave height (Figure 3b 1 ) and direction ( Figure  3d 1 ) show a tidal modulation, revealing the influence of wave refraction and depth-limited leakage of wave energy over the shoal. . Synoptic description of wind forcing and depth-averaged subtidal currents described by their mean (black arrows) and vector variance ellipses for the full period of data collection for each site (see Table 1 ). The local coordinate (x, y) systems used at each side are also shown.
The most energetic wave events in the records are associated with the passage of the first warm front (event F1) and the swell event S1. During event F1, negligible cross-shore variability in wave height is observed between stations O2, N5 and N6, while the wave height reduces substantially as it approaches the shore during event S1 (Figure 3b 1 ). The dissipation of wave energy per unit distance from site O2 to N5 is three orders of magnitude higher than typical dissipation rate of swell waves due to bottom friction [e.g., Herbers et al., 2000] , suggesting dissipation of wave energy between these sites primarily occurs due to depth limited wave breaking. The wave forcing during other frontal passages (event F2 and F3) were similar to event F1, but less energetic when compared to event F1. In contrast to the conditions recorded on the east side, on the south side (Figure 3 , right column) smaller wave heights were observed (0.5 to 2.5m) with peak wave periods ranging from 5 to 15 s. The general wave direction (Figure 3d 2 ) was consistently from the southwest for all events with the highest wave conditions recorded during event F1 (Feb. 5-7, 2010) . A similar but weaker response is seen during the passage of the other two fronts . Interestingly, in this (south) side, the height of the swell waves during events S1 and S2 was small (Figure 3b 2 ) while mean swell direction varied from south to southwest. The tidal modulation of swell direction on the south side suggests refraction of swell waves around the shoal. This combined with dissipation due to bottom friction and depth limited wave breaking over the shoal, leads to a significantly reduced swell height when compared with that recorded on the east side for the same events.
Subtidal Flows
The low pass filtered wind stress exhibits large variability ( Figure  4 ) around its mean value, with the principal axis of the variance ellipse being almost perpendicular (120 o ) to the coastline on the east side and almost parallel to the coastline orientation further west of the cape point. The strongest flows were measured at site N6 with a southward mean direction. The principal axes of the subtidal flow variance ellipses at sites O3, N1, N2, N3, N4 and O2 are parallel to the local coastline orientation ( Figure 4) ; at sites N5 and N6 the ellipse is rotated and aligned with the local bathymetric contours that define the orientation of the shoal itself (see Figure 4) . Also, the eccentricity of the ellipses in these sites decreases, indicating the existence of some cross-shoal flows. Furthermore, it is worth noting that the mean flows at N1, N5 and N6 do not align with the major axis of the subtidal ellipse possibly due to bathymetric rectification.
On the south side, the variance ellipses are aligned to the local coastline orientation away from the shoal (i.e., sites N11 and N12), while at sites O1, N8 and N9, the orientation of the principal axis becomes parallel to the bathymetric contours. The mean flows at all sites on the south side are obliquely oriented to the ellipse semi-major axis with the exception of site N11.
In order to examine the balance of wind and hydrodynamic forcing, the depth-averaged subtidal flow and wind vector components are rotated into two local coordinate systems corresponding to the respective local coastline orientations (10° and 166° N) for the east and south sides, respectively (see Figure 4 ). In each one of these new coordinate systems positive cross-shore velocity values indicate offshore directed flows while positive alongshore velocities indicate northeastward flow at the east side and southeastward flow at the south side. Correlation coefficients (r) between the alongshore and crossshore components of wind stress and measured flow (subsampled with a decorrelation time scale of 33 hours, see section 4.2) for each site are presented in Table 2 .
Local cross-shore wind stress shows a negative correlation with alongshore flows on both sides of the cape with those on the south side being larger (-0.67 to -0.77) than those on the east side (-0.29 to -0.51, not significant at 95% CI). On the other hand, local alongshore wind stress is highly (0.83 to 0.90) and moderately (0.54 to 0.63) correlated with alongshore flows on the east and south sides, respectively. Correlation of the wind components with the cross-shore flows is generally variable with strong and statistically significant correlations (see Table 2 ) found only at site N8. 
b r values in italics are not significant at the 95% confidence level.
In the east side, at sites O2, N5 and N6 the alongshore flow responds to the alongshore wind stress with a small time lag (~1 hour) during all events (Figs. 5a 1 and b 1 ). The highest alongshore and cross-shore current speed were measured during events F1 and S1 (Figs. 5b 1 and c 1 ), while the flow response was weaker for all other events. In the south side, although the highest alongshore wind stress occurs during event F1, the subtidal response of the alongshore flow (at sites N9 and O1) is relatively weak (< 0.2 ms -1 ) and with a direction opposite of that of the wind (Figure 5b 2 ). Alongshore current velocities at site N8 are of the same magnitude as those at site N9 but they are directed towards the northeast. For events F2 
Momentum Balance Analysis
The goal of this section is to identify the drivers of observed circulation patterns on both east and south side of Cape Hatteras using a depth-averaged form of the momentum balance equations presented in Kumar et al. [2012] . In comparison to Lentz et al. [1999] , these equations contain two more terms: (a) Stokes-Coriolis force (effect of Earth's rotation on surface gravity waves) and (b) the horizontal where u and v are the cross-shore and alongshore subtidal velocity components with the overbar denoting depth averaging; z is the elevation above mean sea level; h is water depth; f is the Coriolis parameter (=8.43×10 -5 s -1 ); and ρ o is the reference density (=1,024 kg·m -3 ).
In this study the various terms of equation [1] are estimated using data from sites O2, N5, N6, O1, N9 and N8. Estimation of the nonlinear (NA) and VF terms require the calculation of gradients in the crossshore (x) and alongshore (y) directions. Although cross-shore gradients were estimated (see Section 4.1), the instrument layout did not allow us to obtain reliable alongshore gradients for the majority of the sites. However, a comparison of depth-averaged alongshore velocities between site pairs (O2, O3) and (N3, N5) did not reveal any substantial alongshore gradient and therefore we have assumed that these terms are negligible. In addition, due to low resolution of the pressure sensors installed on the acoustic current profilers no accurate pressure gradient terms could be estimated, thus we elected to omit these terms as well. These assumptions allow us to simplify equation [1] to (see Lentz et al., 1999; Kumar et al., 2012) :
Calculation of alongshore momentum balance terms
The local acceleration term ∂v /∂t is calculated using a forward differencing scheme although usage of a central differencing method did not provide any different results from what is shown here. The Coriolis acceleration is obtained as a product of Coriolis parameter and subtidal, depth-averaged cross-shore currents.
Wind stress is estimated using the wind data from NOAA-NDBC Diamond shoals buoy (see location in Figure 1b ) utilizing the neutral drag law of Large and Pond [1981] after correcting for the elevation of the wind sensor above the sea surface and accounting for the influence of waves [Large et al., 1995] . It is assumed that the wind velocity remains uniform over the entire study area as the vector correlation between winds measured at Diamond Shoals and Oregon Inlet some 90 km away (see Figure 1b ) was found to be 1.56 [Crosby et al., 1993] . 
Bottom stress is estimated using the method of Styles and Glenn [2002] that accounts for enhanced roughness due to the presence of waves, a process which becomes important in shallower inner shelf waters as is the case in here. The Stokes-Coriolis force term was calculated using a depth-averaged Stokes velocity derived from the directional wave properties estimated from the wave measurements at each site using:
where, H sig is the significant wave height, g is the acceleration due to gravity, c is the phase speed of wave, h is the water depth and k is the unit wave vector.
When no data with high spatial resolution are available the NA and VF terms can be estimated assuming a no flux condition at the coastline as in Fewings [2007] and Kirincich and Barth [2009] . This method assumes that the alongshore and cross-shore velocities decrease monotonically from the most inshore measurement site to the no flux point at the coastline and as such is highly sensitive to location of the inshore station in relation to the coastlines and the shape of the bathymetric profile. Shoaling waves and surf zone dynamics suggest the existence of a maximum in longshore currents (and associated flux) inside the surf zone which is missed if the inshore station is farther offshore. In order to identify that maximum velocity and obtain a better approximation of the NA and VF terms, a linearized alongshore momentum balance equation is used to calculate cross-shore distribution of depth-averaged alongshore velocity (v , see Sec 5.3). This basic equation does not consider the NA and VF terms while bottom stress is approximated as a linear drag. This method assumes that wave breaking induced acceleration (obtained from a third generation wave propagation model Simulating Waves Nearshore, Booij et al., 1999, Sec 5. 3) and wind stress are the only forcing terms.
The VF term is calculated from the simplified model as the product of the depth-averaged, cross-shore Stokes drift obtained from the wave parameters (equation [3] ) and cross-shore gradient of depthaveraged alongshore velocity (u St ·∂v /∂x), while NA is approximated at each site as the product of measured depth-integrated cross-shore velocity and the estimated cross-shore gradient of depth-averaged alongshore velocity (ū ·∂v /∂x). At this point we should mention that these estimates have similar magnitude as those obtained directly from field observations assuming no flux conditions at the coastline (not shown here).
Finally, following Lentz et al. [1999] the breaking-induced acceleration term shown in equation [2] is estimated from the directional wave properties measured at each site using the wave dissipation model of Church and Thornton [1993] :
which is subsequently used to estimate the breaking-induced acceleration: 
where H rms is the root mean square wave height; f p is the peak wave frequency; σ is the angular frequency (2πf p ); k y is the alongshore component of wavevector (k); g is the acceleration due to gravity. B b (= 0.72) and γ b (=0.24 to 0.40) are empirical parameters [e.g., Chen et al., 1997] that depend on beach profile type and wave conditions. Using this method, wave breaking conditions were identified during the periods Feb. 7-9 and 5-7, 2012 for the east (sites N5 and N6) and south (site N8) sides respectively (Figs. 6b 1 and 6b 2 ), with γ b values ~ 0.30. When wave breaking is not evident, the breaking-induced acceleration term is set to zero.
Depth-averaged, simplified alongshore momentum balance
The time-series of the momentum balance terms shown in equation [2] are displayed in Figures 6 and 7 for both east and south sides. Considering that the mean values of most of these terms are close to zero, their standard deviation (see Table 3 ) provides an indication of the term's relative importance. Overall, bottom stress (BS), surface stress (SS), breaking-induced acceleration (BA), nonlinear advective acceleration (NA) and vortex force (VF) have high standard deviation values, while the contribution of local (LA), Coriolis (CA) and Stokes-Coriolis (SC) acceleration is smaller, except at site N5 where VF is of the same order as LA, CA and SC. and c 2 ) becomes important during both front and swell events due to increased wave activity. In deeper waters (e.g., site O2), its magnitude is similar to Coriolis acceleration during swell events. The NA and VF terms, both become important only during the first front (event F1) and swell event S1 (see Figures  7d 1 , e 1 , d 2 and e 2 ). The magnitude of these latter terms is higher at sites N6 and N8 than at sites N5 and N9 while the NA term is usually slightly greater than VF. A re-arrangement of the terms in equation [2] into forcing and response ones allows us to examine the two groups separately. Although there is no strict definition of "forcing" and "response", in here we define as forcing the terms that can drive flow (i.e., terms that do not depend on velocity, i.e., wind and waves). The remainder terms that depend on velocity (alongshore or cross-shore) are considered to represent the response of the system to the forcing. It should be noted that since part of NA can be balanced by VF (see Figs. 7d 1 , 7d 2 , 7e 1 and 7e 2 , and Kumar et al., 2012) , in this analysis, the NA and VF terms are added together and their sum is treated as a single term.
Initially the correlation between the SS (representing forcing) and BS (representing response) terms is estimated. Subsequently, the breaking-induced acceleration (BA) term is added to SS and then compared against BS. If the correlation between forcing and response improves, then BA is retained as a forcing term, alternatively is rejected. After identifying the terms constituting the forcing, the same method is followed for the response with each term being added to BS and retained only if it contributes to increasing the correlation between the net forcing and response terms. The correlation coefficient (r) estimates in this analysis have been corrected for the decorrelation time of our data. Using Garrett and Toulany (1981, their equation 8.1) we estimated a wind forcing decorrelation time scale ~20 hrs. However, being conservative and considering that all data presented in this study have been low-pass filtered, we elected to adopt the filter's cut-off period (33hrs) as the appropriate decorrelation time scale. This assumption makes the number of independent data points to vary from 12 (for the shorter deployment site N8) to 33 for the longer deployment site (i.e., site O2). The critical correlation 
East side
At site O2 (depth ~10 m), the major balance is between surface stress (SS) as forcing and bottom stress (BS), Stokes-Coriolis (SC) and Coriolis Acceleration (CA) as response which correspond to a correlation with r = 0.79. A regression between the forcing and the sum of the response terms (BS+SC+CA) reveals a slope close to 1 (see Table. 6), with BS dominating the response (Figure 8a 1 ).
In shallower water depths (depth ~6 m, site N5), the bottom stress is moderately correlated to surface stress (r=0.50, see Table. 4) but when breaking-induced acceleration is added to the surface stress, the correlation improves (r = 0.83, see Tables 4 and 5 ). Adding the smaller in magnitude VF, NA and SC terms at site N5 in the response group (see Figs. 7c 1 , d 1 and e 1 ) slightly improves the correlation providing a correlation coefficient between force and response of 0.86 and a slope of 1.0 ( Table. 6) suggesting that BS+VF+NA+SC ≈ BA+SS (Figure 8b 1 ) . The same balance is identified for even shallower waters (i.e., 5 m, at site N6, see Tables 5 and 6 and Figure 8c 1 ).
Overall, on the east side of the cape, the shallower parts of the inner shelf respond to forcing provided by both wind (SS) and waves (BA). These two forcing parameters are usually interrelated during periods of storm activity like the frontal events identified in here, but in the case of swell dominance this is not the case. The response is exhibited mainly through bottom stress (BS), nonlinear advective acceleration (NA) and vortex force (VF) (also see Sec. 5.3). In deeper waters (~10 m) the surface and bottom stress almost balance each other. 
South side
Unlike the east side, the alongshore momentum balance on the south side is more complex. At site O1 (water depth ~ 9 m) surface and bottom stresses (Figs. 6a 2 and 7f 2 ) are strongly correlated (r=0.90, Table  4 ). Adding LA to BS as a response term (Figure 7a 2 ) reduces this correlation, while adding CA and SC (Figs. 7b 2 and 7c 2 ) marginally improves r to 0.91 (Table 5 ). The slope of the regression line of forcing (wind stress only) and response defined as the sum of bottom stress and Coriolis acceleration is only 0.5 (Table 6 ), indicating that additional terms are needed to close the balance.
At shallower water depths (i.e., 6.5 m, site N9), both VF and NA (Figs. 7d 2 and e 2 ) have the same magnitude as BS but do not correlate to surface stress (SS). The highest correlation (r=0.33, not significant at 95% CI, see Table 5 ) and regression slope (m = 0.20, Table 6 ) are obtained only when we include CA (Figure 7b Tables 4 and 5 . Note the different vertical scales used. f F is the forcing term determined from Table 4 to have maximum correlation to the response term (R). 95% confidence interval for m and c are shown. On using the algorithm of Krystek and Anton (2007) instead of using a standard linear regression technique, and assuming 50% uncertainty in both forcing and response terms, only slightly modifies the regression coefficients and slopes shown here.
Discussion
The discussion is divided into two sections that attempt to: (a) explain the inability to close the momentum balance on the south side of Cape Hatteras and investigate the relation of this with coastline orientation; and (b) identify the importance of the vortex force term in relation to wave forcing and wind stress.
As shown in section 4.2 we were not able to close the alongshore momentum balance on the south side of Cape Hatteras, suggesting the existence of additional forcing that has not been captured by our analysis. One possibility is pressure gradient that was not considered in the analysis. Although, this term was not found to be important on the east side, we hypothesize that pressure gradient can play a role on the south side. This hypothesis is explored using a linearized form of the momentum balance equation that can be used to estimate the magnitude of a pressure gradient (PG) term that could close the balance. The alongshore momentum balance equation (equation [2] ) is modified so that the PG term is now included and linearized by expressing the bottom stress through a linear bottom drag parameterization (e.g., Lentz and Winant, 1986) so that:
where r is the linear bottom drag coefficient for depth-averaged flows, h is the mean water depth, η is the sea surface elevation and g is the acceleration due to gravity. In section 4.2.2 we showed that both LA and CA are an order of magnitude smaller than the dominant terms (see Figure 7a 2 , b 2 ), while NA and VF do not correlate with the observed forcing terms on the south side. On the basis of these findings, we can further simplify equation [6] by ignoring these terms and solve for mean velocity:
where T f , a representation of a frictional time scale, is defined as h/r and v ō is the observed flow. Equation [7] will be valid for our velocity measurements if all the forcing terms (i.e., BA, SS and pressure gradient term) are responsible for the observed flows. Ignoring the PG term and considering a balance between dominant forcing and response terms as exhibited through the correlation analysis (Sec. 4.2.2), we can estimate an equivalent velocity (v ē ) such that:
where v ē represents the magnitude of the flow that should had developed using the measured BA and SS forcing terms alone assuming that pressure gradient was not important. Combining equations [7] and [8], the PG term required to produce the observed flow (v ō ) can be estimated by:
Using equations [7] to [9] , time series of the equivalent velocity ( Figure 9a ) and PG term (see Figure 9b) were estimated for sites O1 and N9. The linear bottom drag coefficient (r) value was obtained by ( )
Figure 9. Time series of (a) average (between Site O1 and N9) observed (black) and predicted (gray) alongshore velocity (ms -1 ); (b) predicted (black) pressure gradient terms and local alongshore wind speed from NOAA-NDBC Diamond shoals buoy (for definition of local coordinate system see Figure 4 ).
The south side of the study area is part of Raleigh Bay, a cuspate foreland system very similar in geometry and orientation as Onslow and Long Bays that are located farther south (see Figure 10a) . Assuming a coherent wind system (vector correlation of winds measured at Diamond Shoals to Cape Lookout and Frying Pan Shoals is 1.81 and 1.60, respectively), the pressure gradients developed in between these bays must be of similar magnitude and orientation. Using this analogy, three months of subtidal pressure gradients term (-g∂η/∂y) calculated from the sea surface records of two tide gauges in Onslow Bay (Beaufort, NC and Wrightsville Beach, NC, see Figure 10a ) is compared to the subtidal wind stress from the NOAA buoy at Frying Pan Shoals. The estimated PG term from Raleigh Bay (Figure 10b) shows similar variability as the wind stress component parallel to large scale shoreline (~60° clockwise North, see Figure 10a ) with a correlation coefficient (r) of -0.84. When the winds are directed toward the northeast, the PG term is negative suggesting the potential of flow towards the southwest, (i.e., opposite to direction of the wind), especially during relaxation periods. Furthermore, the magnitude of this term (Figure 10b ) is of the same order (Figure 9b) as that estimated using equations [7] to [9] supporting our hypothesis that this magnitude of pressure gradient is required to close the momentum balance on the south side.
In a similar manner, the generation of pressure gradient on the east side of Cape Hatteras and farther away from the measurement location is examined using the subtidal sea surface elevation records from the two nearest oceanic tide gauges located in Chesapeake Bay, VA and Duck, NC (Figure 10a ). The pressure gradient is again compared to the same wind forcing, with the alongshore component being appropriately defined using the shoreline orientation (~25 o N counterclockwise from North, see Figure  10a ) at this region. The PG term (Figure 10c ) is of the same order of magnitude as that obtained on the south side and it is strongly correlated to local alongshore wind stress (r = -0.68). A more appropriate comparison of the response (i.e., pressure gradients) to forcing (i.e., alongshelf wind stress) for the two different locations requires normalization of the terms. The ratio of variances of the local (i.e., per side) subtidal alongshore wind stress and that of the pressure gradients from each side (σ 2 (PG)/ σ 2 (τ wy )) provides such a normalization and as we can see in Figures 10b and c the ratios are almost identical (1.59 and 1.54 for the remote south and east sides, respectively) implying the generation of the same pressure gradient for the same magnitude of alongshelf wind stress.
The analysis presented above suggests that the pressure gradient acting as a response to alongshore wind forcing within the cuspate embayment on the south side is of the same order as that observed for the straight coastline on the remote east side. Nonetheless, unlike the south side, the momentum balance analysis on the near-field east side (i.e., at sites O2, N5 and N6, in the vicinity of the cape) is almost closed without the need for inclusion of pressure gradient. Upon closer examination we note that the near-field, local coastline orientation of this area (i.e., from Duck, NC to Cape Hatteras, NC, Figure 10a ) is different (larger) than that of the remote straight coastline farther east (i.e., from Chesapeake Bay, VA to Duck, NC, Figure 10a ). The relative difference in coastline orientation between these two parts of the coastline is approximately 35 o . This change in coastline orientation can lead to significant differences in the local alongshelf component of wind stress which might explain the lack of pressure gradient contribution on the east side of the study area. This analogue is similar to that presented by Crépon and Richez [1982] and Crépon et al. [1984] for transient upwelling generated by wind forcing and variability in the coastline. At this point we should note that there is a small possibility that the pressure gradient estimated on the east side (Figure 10c ) is partially balanced by the nonlinear advective acceleration (see equation [1] ) which was not included in this study, something that we cannot verify with our data at present. Additional field observations or numerical modeling is required to further investigate this issue.
The role of Vortex force
The observations presented in Section 4 provide some evidence regarding the importance of the VF and nonlinear advective acceleration terms in the alongshore momentum balance. This is further explored in here using a wave propagation model forced with the observed wind stress.
The wave propagation model Simulating WAves Nearshore [SWAN, Booij et al., 1999] was set up on an alongshore uniform bathymetric domain with a bathymetry similar to that observed on the profile that passes through sites N5 and N6 (Figure 11a) . The model was driven with the measured wind stress, sea surface variability and offshore directional wave characteristics (height, peak period, mean direction and directional spreading) as measured at Site O2. The results (i.e., cross-shore distribution of wave height, period, wave length, direction and depth-limited dissipation) were then used to determine the breakinginduced acceleration term (see, equation [5] ). Considering only alongshore wind stress and breaking-induced accelerations as the forcing terms, and a cross-shore variable linear drag (Figure 11a ), equation [6] is solved to obtain the cross-shore and temporal variability of the alongshore velocity. In this analysis, NA and VF terms are not accounted for and it is expected that the velocity structure obtained might differ from the measurements, especially during periods when the NA and VF terms were found to be important in the momentum balance analysis (Sec. 4). The cross-shore component of Stokes drift is obtained from the SWAN derived wave conditions using equation [3] , while the VF is determined as the product of Stokes drift and the crossshore gradient of depth-averaged alongshore velocity.
The velocity predicted using equation [6] (Figure 11e) shows similar variability and magnitude to that observed at sites O2, N5 and N6, thus providing some confidence in this simplified analysis. The estimated breaking-induced acceleration becomes significant during the periods corresponding to the passage of the front systems (events F1 and F2), and the swell events S1 and S2 (Figure 11d ). During these wave-dominated events, cross-shore variability in breaking-induced acceleration is present due to depth-limited breaking that occurs over the shallow areas of the nearshore bar. This is followed by a region of limited wave breaking and subsequently wave breaking commences again in shallower water depths. It is further established that in deeper water the magnitude of breaking-induced acceleration forcing is of the same order as that of wind stress and becomes more important with decreasing water depth. The variability of the modeled breaking-induced acceleration resembles that calculated from the measurements. In deeper waters (~ 10m, e.g., site O2) wave breaking-induced acceleration is not present and wind stress is the dominant term, while in shallower waters (e.g., sites N5 and N6), breakinginduced acceleration is an order of magnitude higher than wind stress.
The modeled VF estimates (Figure 11f ) are important at all instances when wave breaking occurs, as this forcing mechanism leads to the formation of a cross-shore gradient in the alongshore velocity and thus an increase of horizontal shear (∂v/∂x). The cross-shore variability of VF is similar to that of breaking-induced acceleration and alongshore velocity, however, at locations with local maxima in alongshore velocity the VF term becomes zero (∂v/∂x=0). Maximum VF usually occurs around the bar and at locations with strongest cross-shore gradient in alongshore current. In deeper waters, VF ( Figure  11f ) is similar in magnitude to wind stress (Figure 11b ).
Overall, this simplified analysis suggests that in the transition zone between inner shelf and surf zone, even under moderate wave breaking, the role of VF term may be important and should be included. This might be particularly the case in locations where the alongshore component of the wind stress is reduced so that alongshore pressure gradients due to wind might not be as important as it appears to be the case for the near-field, east side of Cape Hatteras. Inside the surf zone the balance can be more complex than traditionally described and the breaking-induced acceleration can be balanced by the sum of bottom stress, nonlinear acceleration and VF, something also shown numerically using wave-current interaction 3-D models [Kumar et al., 2012; Uchiyama et al., 2010] . The transition (shoaling) zone between inner shelf and surf zone is an area that has not been thoroughly investigated at subtidal time scales. Our results indicate that in this region depending on the bathymetry, VF might be as important as bottom stress and wind stress.
We should emphasize that the estimates of both VF and nonlinear advective acceleration presented in here are the results of a simple model. Since the time series length and cross-shore instrumentation density does not allow us to further evaluate the importance of our findings; a longer experiment with higher spatial resolution is recommended to address these issues.
Summary and Conclusions
We presented wave and sub-tidal circulation data collected within the surf and inner shelf regions around the Cape Hatteras point, North Carolina, an area with complex morphology and abruptly changing shoreline orientation. Despite the short length of the time series, the winter season events identified and analyzed in here represent typical synoptic weather fronts in the South Atlantic Bight (e.g., Austin and Lentz, 1999; Warner et al., 2012) , which is dominated by strong wind and wave forcing along with well mixed conditions. An important aspect of our work is the inclusion of Stokes-Coriolis (physically representing the influence of Earth's rotation on surface gravity waves) and vortex force (interaction between wave-induced mass drift and the mean flow vorticity) terms in the momentum balance analysis. -25-Our analysis has shown that mean subtidal flows are parallel to the local coastline orientation on either side of the Cape Hatteras point, while in Diamond shoals the flows are directed along the shoal, suggesting that the shoal possibly acts as an extension of the coastline, regulating flow between the east and the south side of the cape. We believe these results are applicable to all coastlines with similar geometries (e.g., Cape Lookout, NC and Cape Fear, NC) in the South Atlantic Bight.
In the absence of wind stress (i.e., swell dominated events) the Stokes-Coriolis term is as important as Coriolis acceleration term, as was also shown in Lentz et al. [2008] and it should not be neglected. Only under wind forcing when only locally generated, gravity waves are present and in the absence of swell forcing, Coriolis acceleration becomes the dominant term relative to Stokes-Coriolis term (also see Fewings and Lentz, 2010) .
Under spatially uniform wind forcing, changes in coastline orientation can lead to changes in alongshore pressure gradient due to changes in the alongshore component of the uniform wind field. It is hypothesized that this is the reason that allowed us to close the momentum balance on the south side of Cape Hatteras (Section 5.1). The magnitude of this pressure gradient is contingent upon the relative angle of local coastline to the wind velocity vector. It can be further argued that for a constant wind field, the effect of coastline orientation in nearshore sub-tidal flows can be explained using an analogue of a spatially varying alongshelf wind stress even at scales of few kms (i.e., similar to Crépon and Richez, 1982) .
In shallower waters the momentum balance is complex and a balance is achieved between bottom stress, breaking-induced acceleration, nonlinear advection and vortex forces, as it has been also shown in threedimensional modeling studies [Uchiyama et al., 2010; Kumar et al., 2012] . In the transition zone between inner shelf and surf zone, in the presence of strong along/cross-shore shear, the vortex force term can be of the same order as the wind stress, suggesting a need to include the former term in any study dealing with the flows and exchange between surf zone and inner shelf.
Despite the limitations, the available data have been evaluated to the depths possible to identify the significant processes responsible for flow conditions around the Cape Hatteras point. This work has provided important glimpses into the role of coastline orientation in the development of subtidal circulation under wind and wave forcing. However, the coupling of observational data and numerical models can lead to better understanding of the hydrodynamic processes including the effect of Vortex and Stokes-Coriolis force.
